The spin Hall effect (SHE) of light is very weak because of the extremely small photon momentum and spin-orbit interaction. Here, we report a strong photonic SHE resulting in a measured large splitting of polarized light at metasurfaces. The rapidly varying phase discontinuities along a metasurface, breaking the axial symmetry of the system, enable the direct observation of large transverse motion of circularly polarized light, even at normal incidence. The strong spin-orbit interaction deviates the polarized light from the trajectory prescribed by the ordinary Fermat principle. Such a strong and broadband photonic SHE may provide a route for exploiting the spin and orbit angular momentum of light for information processing and communication.
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T he relativistic spin-orbit coupling of electrons results in intrinsic spin precessions and, therefore, spin polarization-dependent transverse currents, leading to the observation of the spin Hall effect (SHE) and the emerging field of spintronics (1) (2) (3) . The coupling between an electron's spin degree of freedom and its orbital motion is similar to the coupling of the transverse electric and magnetic components of a propagating electromagnetic field (4) . To conserve total angular momentum, an inhomogeneity of material's index of refraction can cause momentum transfer between the orbital and the spin angular momentum of light along its propagation trajectory, resulting in transverse splitting in polarizations. Such a photonic spin Hall effect (PSHE) was recently proposed theoretically to describe the spinorbit interaction, the geometric phase, and the precession of polarization in weakly inhomogeneous media, as well as the interfaces between homogenous media (5, 6) .
However, the experimental observation of the SHE of light is challenging, because the amount of momentum that a photon carries and the spinorbit interaction between the photon and its medium are exceedingly small. The exploration of such a weak process relies on the accumulation of the effect through many multiple reflections (7) or ultrasensitive quantum weak measurements with pre-and postselections of spin states (8, 9) . Moreover, the present theory of PSHE assumes the conservation of total angular momentum over the entire beam (5-9), which may not hold, especially when tailored wavelength-scale photonic structures are introduced. In this work, we demonstrate experimentally the strong interactions between the spin and the orbital angular momentum of light in a thin metasurface-a two-dimensional (2D) electromagnetic nanostructure with designed in-plane phase retardation at the wavelength scale. In such an optically thin material, the resonanceinduced anomalous "skew scattering" of light destroys the axial symmetry of the system that enables us to observe a giant PSHE, even at the normal incidence. In contrast, for interfaces between two homogeneous media, the spin-orbit coupling does not exist at normal incidence (5) (6) (7) (8) (9) .
Metamaterial made of subwavelength composites has electromagnetic responses that largely originate from the designed structures rather than the constituent materials, leading to extraordinary properties including negative index of refraction (10, 11) , superlens (12) , and optical invisibilities (13, 14) . As 2D metamaterials, metasurfaces have shown intriguing abilities in manifesting electromagnetic waves (15, 16) . Recently, anomalous reflection and refraction at a metasurface has been reported (17, 18) , and a variety of applications, such as flat lenses, have been explored (19) (20) (21) (22) . However, the general approach toward metasurfaces neglects the spin degree of freedom of light, which can be substantial in these materials. We show here that the rapidly varying in-plane phase retardation that is dependent on position along the metasurface introduces strong spin-orbit interactions, departing the light trajectory (S) from what is depicted by Fermat principles, S = S Fermat + S SO (where S SO is a correction to the light trajectory raised from the metasurface-induced spin-orbit interaction).
The PSHE or the spin-orbit interaction arises from the noncolinear momentum and velocity (the change of trajectory) of light. When light is propagating along a curved trajectory (Fig. 1A) , the time-varying momentum along the light path must introduce a geometric polarization rotation to maintain the polarization transverse to its new propagation direction (23) , e % ¼ −kð% e ⋅ k Þ=k 2 .
Here, e % and k are the polarization vector and the wave vector, respectively, k is the change of the propagation direction, and k is the amplitude of the wave vector. The rotation of the polarization depends on the helicity of light and may be considered as circular birefringence with a pure geometric origin (23) (24) (25) . As the back-action from geometric polarization rotations, the spin-orbit interaction also changes the propagation path of light, as we will show in later sections, resulting in a helicity-dependent transverse displacement for light; i.e., photonic SHE.
For an ordinary interface between two homogeneous media, when a Gaussian beam impinges onto the interface at normal incidence, the axial symmetry normal to the surface eliminates the spin-orbit coupling, and the total angular momentum of the entire beam is conserved. However, by designing a metasurface with a rapid gradient of phase discontinuity ∇F along the interface in the x direction (Fig. 1B) , we introduce a strong spinorbit coupling when the light is refracted off the interface. The rapid, wavelength-scale phase retardation can be incorporated in the optical path by suitable design of the interface (17, 18, 26) . Such a position-dependent phase discontinuity removes the axial symmetry of the interface and, therefore, allows us to observe the PSHE, even at the normal incident angle. Figure 1B schematically depicts the PSHE for the light beam that is refracted off a metasurface with rapid in-plane phase retardation. The momentum conservation at the metasurface now must take into account that the position-dependent phase retardation and the induced effective circular birefringence are determined by the gradient of the in-plane phase change or the curvature of the ray trajectory, ðk Â kÞ=k 2 (7), where k depends on the rapid phase change. For a linearly polarized incidence, light of opposite helicities will be accumulated at the opposite edges of an anomalously refracted beam in the transverse direction (Fig. 1B) . The faster the in-plane phase changes, the stronger the effect becomes. Because both the local phase response and its gradient are tailored through metamaterial design, the optical spin-orbit interaction from the metasurface is strong, broadband, and widely tunable.
To experimentally observe the strong PSHE at the metasurfaces, we used a polarization-resolved detection setup (Fig. 2) , which allows precise measurement of Stokes parameters of the refracted beam, providing the spin-state information of the light in the far field. A supercontinuum light source is used for broadband measurement, and the beam is focused onto the sample with a spot size of~50 mm. Our metasurfaces consist of V-shaped gold antennas. By changing the length and orientation of the arms of the V-shaped structures, the subwavelength antennas at resonance introduce tunable phase retardations between the incident and the forward-propagating fields. For linear phase retardation along the x direction, we chose eight antennas with optimized geometry parameters. We measured samples with different phase gradients; a scanning electron microscope image of the antenna array with a phase gradient of 4.4 rad/mm is shown in Fig. 2A as one example. We used a lens of 50-mm focal length to collect the anomalously refracted far-field transmission through the metasurface, and we imaged this transmission on an InGaAs camera. The polarization of the incidence is linear and can be adjusted in either the x or y directions with a halfwave plate. The polarization states of the anomalously and the regularly refracted beams are resolved at the far field using an achromatic quarter-wave plate, a half-wave plate, and a polarizer with an extinction ratio greater than 10 5 for all wavelengths of interest.
Because the polarization state of light is unambiguously determined by the Stokes vector S ⇀ on a unit Poincaré sphere, the evolution of the polarization due to spin-orbit interaction is well described by the precession of the Stokes vector on a Poincaré sphere. The helicity or the handedness of light is given by the circular Stokes S z parameter (circular polarization) S z ¼ Isþ − Is− Isþ þ Is− , where I s þ and I s − are the intensities of the anomalous refraction with circular polarization basis, which were imaged successively using the camera. The coordinates of the image represent the in-plane wave vectors of the refracted beams. The right circular s + and left circular s -polarizations are discriminated by setting appropriately the angle of the wave plates and polarization analyzer. Using the polarization-resolved detection, we calculated the circular Stokes parameter of the anomalously refracted beam from measurements for each pixel; this is shown in Fig. 3A for x-polarized incidence. The in-plane wave vector dependence Fig. 2. (A) Scanning electron microscope image of a metasurface with a rapid phase gradient in the horizontal (x) direction. The period of the constituent V-shaped antenna is 180 nm. Eight antennas with different lengths, orientations, and spanning angles were chosen for a linear phase retardation, ranging from 0 to 2p with p/4 intervals. Scale bar, 500 nm. (B) Light from a broadband source was focused onto the sample with a lens (focal length f = 50 mm). The polarization can be adjusted in both the x and y directions with a half-wave plate. The regularly and anomalously refracted far-field transmission through the metasurface was collected using a lens ( f = 50 mm) and imaged on an InGaAs camera. The polarization state of the transmission is resolved by using an achromatic quarter-wave plate (l/4), a halfwave plate (l/2), and a polarizer with a high extinction ratio. P, polarizer. of the circular Stokes parameters shows a maximal value of~0.1 located at Tp/2, and the sign of S z is reversed between +p/2 and -p/2, showing a transverse motion of the polarization. Whereas the incident angle is kept at zero throughout the experiment, the phase gradient along the interface removes the axial symmetry of the optical system and enables the direct observation of the PSHE for the anomalously refracted beams with different circularly polarized light. Figure 3B shows the PSHE effect for y-polarized incidence: The helicity of the refracted beam is clearly inverted due to the 90°phase rotation of the incidence. As the transverse spin current is solely determined by the longitudinal components of electromagnetic fields, such a distinct PSHE can only be observed in the anomalously refracted beam. As a control experiment, the spin-orbit coupling vanishes for the regularly transmitted beam, which exits the metasurface in the direction of the surface normal.
The photonic spin-orbit interaction in a curved light path not only manifests a helicity-dependent circular birefringence but also influences the trajectory of light. This effect resembles the Imbert-Fedorov shifts in the case of total internal reflections (27) and the recently observed optical Magnus effect at the near field (28, 29) . When considering spin-orbit coupling, the ordinary Fermat principle based on ray optics is not sufficient in predicting the light trajectory; therefore, a helicitydependent transverse motion of light emerges from the additional geometric phases due to spinorbit interaction. For the incident light with a pure spin state (circularly polarized), a transverse motion of the beam's center of mass is thus expected.
Such a transverse motion occurs in real space and can be directly measured. Replacing the polarization optics shown in Fig. 2B with a variable liquid-crystal phase retarder, we measured the spin-dependent motion of photons (the relative displacement between the anomalously refracted I s þ and I s − ) by an InGaAs quadrant detector with polarized incident beam periodically modulated in either left-(s + ) or right-handed (s -) polarization states. Throughout the experiment, the incidence angle was kept at normal incidence to the sample. The tailored in-plane phase gradient induces anomalous transmission at different refracting angles determined by the gradient. Figure 4A shows the refraction angle at different incident wavelengths for multiple samples with different phase gradients. The anomalous refraction angle approaches 90°when the incident wavelength approaches eight times the period of the V-shaped antennas. In Fig. 4B , the transverse motions of the beams are shown at the normal incident for wavelengths over hundreds of nanometers in bandwidth. The feedback from the polarization clearly deviates the trajectory from that given by the ordinary Fermat Principle. The strong spin-orbit interactions induced by the resonant V-shaped antenna array enable the observation of the transverse displacement, which increases rapidly as the anomalous refraction angle approaches 90°. Current PSHE theory assumes the conserved momentum solely over the Gaussian wave packet. However, the rapid phase gradient along the metasurface supplies additional momentum, making such a theoretical treatment incomplete. A new apparatus for analytical analysis should be developed to account for such a rapid phase gradient along the surface. By considering the energy transport at the interface, however, the polarization-dependent transverse motion of light can be analyzed by integrating the Poynting vectors (including the evanescent fields) over the half-space of the exiting medium (see the supplementary materials).
The strong photonic SHE at a metasurface with a designed phase discontinuity over the wavelength scale enables the observation of transverse motions of circularly polarized light. The anomalous skew scattering of light simultaneously breaks the rotational symmetry in the polarization space and the axial symmetry along its trajectory, giving rise to a broadband PSHE, even at the normal incidence. The generation and manipulation of strong spin-orbit interaction of light with tailored nanomaterials provide a new degree of freedom in information transfer between spin and orbital angular momentum of photons. 
